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SUMMARY
The methods of modern warfare have crested an urgent
demand for oxygen producing equipment which ie light and
portable, as well as simple and reliable in operetion. This
need by the armed forces led to the consideration of oxygen
production by means of chemicel absorbents which remove

oxygen from the air. This study desls with & phase of the

development of such absorbent type oxygen producing units.
The particular problem considered here is that of ob-

taining surficiént basic data on the behavior of the ab-

sorbent to enable preliminary design of oxygen unite. Only |

two compounds are discuesed: (1) ethomine, on which most

of the experimental work was done snd which compound was
the basls for most of the units designed; (2) fluomine,
a new compound which proves to be better th;n ethomine in
every way. Both compounds are derivetives of the organic
chelate salcomine, cobalt salicylaldehyde ethylenediamine.
Because of the very immediate need for design dats, con-

sidersble engineering absorption and desorption experiments
were made, 1.e., determinstions were mede of the rate of
absorption of oxygen from air passed through a bed of
ethomine (an arbitrarily chosen 1/2" jacketed copper tube)
and the rate of evolution of thie oxygen upon heating the

' bed. However, to search out the mechaniem of the resction,
more basic data were also obtalned. Thie consisted of equi-

1ibrium studies and rate studies using pure oxygen rather

CONFIDENTIAL
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Analysis of these basic experimentes on ethomine revealed

that from O to 90 per cent of saturation the rate of oxygen
absorption was directly proportional to the frasction of
deoxygenated ethomine present; that is, the reaction was
first order with respect to deoxygenated ethomine. The
function of pressure was best correlated aspl.b although

no theoretical reason for the 1.5 power could be found. The

relation between the specific reaction rate constant and

temperature could not be successfully determined from

theoretical studies and recourse to sn empirical expression

| was made.
i ' The rg}e of reaction of ethomine and oxygen in the ‘
range -10° to 60°C and O to 1000 mm. Hg oxygen pertial

pressure can be approximated as fgllow':
ax/ae .[4,9 (204, "2-2(207°) (t-20) ]pl.b 2

where I
x = weight per cent oxygen absorbed I
g= O g 4 " at saturation !
t =°

P = oxygen partial pressure in mm. Hg {
© = time in minutes
Although the ethomine-oxygen system is¢ not a true
monoveriant heterogeneous system (the equilibrium vapor
pressure 1is a runct;on of both tempersture and composition), f
its general properties are comparable to such a monovsriant
system as CaCO3-Ca0-C0,.
Differential equations were set up for the absorption

of oxygen from ailr by ethomine in an 1sothermel bed, assuming

CONFIDENTIAL
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the chemical rate of reaction to be controlling. These were :
solved by the calculation of finite increments in s stepwise
procedure and the solﬁtion put into graphical form. This |
solution checked the experimental data very well over s wide
range of conditions.
The desorption process 18 controlled by the heat flow

to the compound rether then the chemicsl rate of desorption.

An adaptation of the grarhical Schmidt method wee applied
as an anslytical solution of this problem of heest tranafer
to a bed of desorbing ethomine. Remarkably good checks with
experiment were obtained.

By these methods both absorntion snd desorption data

for a bed of ethomine can be predicted with considerable
accuracy. It 1e.possible, therefore, to make preliminary
{ designs without constant recourse to experimentsl work.
Experimental work on fluomine showed i1t to have the ssme
general properties as ethomine. The optimum absorption ' i
'temperature and the equilibrium desorption tempersture were I
approximately the same ss those of ethomine but fluomine had
a higher rate of reaction and a higher oxygen capascity (4.2
per cent as comvered to 3.5 for ethomine).
A comparieon was also made of the life chsracteristice
of saloomine, ethomihe, and fluomine when run under ideel i
cyclical conditions as predicted by the most recent theories |
on deterioration. Fluomine showed a life considersbly better
then elther selcomine or ethomine on the bessis of oxygen

E produced. Its rate of deteriorstion wss less than helf that

of ethomine and at 60 per cent deterioretion, 1t hed produced

GONFIDENTIAL
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' Gaseoue oxygen of high purity can be obtained on a com-
sercial scale by the rectification of liquid air, and from
an economic viewpoint, this is the preferred process. How-
ever, modern warfare has placed many varied and special
demands on oxygen supplies. The distributing of oxygen

for general use in distant outposts, supplying oxygen for
shock treatment on the battlefield, and the furnishing of

‘& life sustaining atmosphere for high altitude flying are

problems faced by our armed forces. Because the standard
commercial methods are not easily adaptable to small scale
light weight plants or to intermittent operation, consider-
able interest has been shown in other methods of producing
oxygen.
Certain chelate compounds have the unique property
of forming a loose combination with oxygen which will de-
compose on heating. 8Such a compound makes possible a chemi-
oal system of oxygen production, and an investigation of ite
potentialities was deemed quite worthwhile. Researches
were carried out bath from the chemical standpoint of dis-
covering new compounds and improving methods of making
those already known, and from the engineering standpoint
of developing methods of utilizing the oxygen sbsorbent
and of evaluating the compounds furnished by the chemist.
This investigation was concerned mainly with the
physical-chemical properties of ethomine and fluomine, the

two most promising compounds on a basis of practical
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utilization. The research had a twofold purpose: (1) to
obtain specific data immediately necessary for the design
of large units to utililize the oxygen-producing properties
" of the compounds and (2) to obtain sufficient basic data
to enable the prediction of the behavior of a given compound

with respect to the several variables involved (temperature,

pressure, composition, and time).
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III, PHYSICAL - CHEMICAL BACKGROUND

In 1937 Tsumake (13) reported on the oxygen-absorbing
propertiee of a metallic organic compound, cobalt salicylal-
dehyde ethylene_diamine. This compound, now known as sal-
comine, has an oxygen-absorbing ocapacity of 4 per cent of
ite own weight and a rapid rate of absorption and desorp-
tion at temperatures of 20°C and 100°C respectively.

CH= N ~CHy - CHy; - N= CH
(o] Co 0

Salcomine

Calvin (1), Diehl (2), Geiseman (3) and their associates
have investigated a large number of compounds of the same
general chelate form and found only a few that would react
with oxygen reversibly. For the moet part, these are either
derivativee of the parent compound salcomine or of ocobalt
ealicylaldehyde propylenetriamine which was developed by
Calvin. Salcomine and its derivatives differ from the cobalt
salicylaldehyde propylenetriamine and ites derivatives in that
the former sbsorb a half molecule of oxygen per molecule of
chelate and have reasonable absorption rates at atmospherioc
pressure whereas the latter absord one molecule of oxygen
per molecule of chelate but require extremely high oxygen

CH=N=- (CHy)s - NH ~ (CHy)g - N=CH
h—‘°\~‘—%/°"&

pressures.

Cobalt esaliocylaldehyde propylenetriamine

ONFIDENTIA:




Listed below are the ddrivatives of salcomine that were
Anvestigated. A brief summary of properties is given when
these are avalleble.

From the table, 1t appears that the 3-position is espe~
elally important and that the rates of absorption can be
controlled by substitution there. The oxy-group (with the
exception of the 3-F) produces the most active compound.

Also, it 1s at least suggested that as the chain length of

the oxy-group is increased, the absorption rate will increase,

the desorption temperature will rise, and the materisl will
become more hygroscopic.

Since the compounds are chelate in nature and have some
weak and easily shifted bonds, they are subject to chemical
attack and do deteriorate materially with use. This will be
discussed more fully in the section on deterioration. Sal-
comine has what is consildered good life characteristics but
.1l a coqparatively slow absorber. On the other hand, the

3-ethoxy salcomine (called ethomine) has a sufficlently

high absorption rate and can be used in a much more favorable
temperature range but has poorer life characteristics than
the parent compound.

A search for s more stable compound which would have
the same general properties as ethomine yilelded the 3-fluoro -
_salcomine (called fluomine). It not only has better life

cheracteristics than salcomine but a higher absorption rste
and higher seturetion value than ethomine. It is, however,

exceedingly difficult to make and as yet can be produced

only on labora.tory. scale at ve!l'y high cost. camygﬂznnnl .
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Mixed aldehyde compounds have been made which hsve

fpropertlea quite different from those nredicted by con-
"sideration of the separate constituents. Such mixtures, are,
however, not mixed molecules but mixed orystals. Thelr
properties are probably governed to a major extent by this

cryetal structure.
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IV, ETHOMINE

Ethomine, in the oxygensted form, i1s a fine crystalline
black powder while in the deoxygenated form it is a beautiful
orange-browvn. If proper aere ie exercised snd a small per-
centsge of talc added, it can be vreeeced into pellets. The
ethomine ueed in this work was for the most part granulated
pellets, 10-20 mesh with a bulk density of l.1l. Such granules
sre rather soft and tend to powder easily, making the mater-
i1al Adirficult to handle. The heat conductivity of the
granules 1s very low and the transfer of heat into and away
from the materisl becomes one of the major engineering prob-
lems involved. Breathing of the vapors or dust which havg
an odor approaching thet of vanilla causes irritation of the
nasal and throat passages and results in a condition simulat-
ing a cold. For this reason, & respirator should be worn
when handling the meterieal.

The color change from prange—brown to black may be
observed to take plece with only several minutes exposure
to air at room temperature. The commerciel material will
absorb about 3.6 per cent oxygen by weight and initially
should be heated to over 100°C in a vscuum for a short time
to drive off any water thet might hsve been absorbed. Rapid
absorption of oxygen occure over a considerable temperature
range, 0° to 50°C, while evolution of thie oxygen requires

a temperature of 95°C or greater at atmospheric pressure.

TN ey 2 ¢
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4. Method of Attack

In order to obtain a definite pioture of the mechanisa
of oxygen absorption and desorption, and knowledge suffi-
eient to predict the behavior of the absorbent, the follow-
ing basic information was considered necessary:

(1) The rate of oxygen absorption as a function of
temperature, oxygen partial pressure, and composition
(amount of oxygen in combination with absorbent).

(2) The rate of oxygen desorption as a function of
ténperature, oxygen partial pressure, and composition.

(3) The oxygen vapor pressure over the absorbent as

" a function of temperature and composition.

(4) The heat of resction.
(6) The specific heat and density.

In addition X-ray data which would establish the mole-

‘eular structure and indicate phase changes should prove to

be helprul.

From an engineering design standpoint, it is necessary
to know how the compound will act when under conditions of
practical operstion; that 18, when the compound 1s in some

type of contsiner,equipped to remove the heat of reaction

and furnish the heat of desorption,through which air is passed

to furnish oxygen. The information tebulated above should

be sufficient to predict the sction of the compound. However,

to expedite results and to check such predictions, some

engineering data were also considered necessary and were

obtained in a etesndard jJacketed coppur tube, selected somewhat

CONFIDENTIAL




CONFIDENTIAL |

12

anidy

- arbitrarily as the container. The data collected are

11isted below:
(1) The overall oxygen absorption rate determined at
various Jacket temperatures, air pressures, and alr rates.

(2) The rate of oxygen desorption determined at various

Jacket temveratures and oxygen pressures.




B, Apparatue and Experimental Methods
Basic Absorption Rates

The basic absorption rate data were obtained by meas-
uring the amouht of oxygen required to maintsin the oxygen
pressure constant over a bed of ethomine held at substantially

constant tempersture. From the data of esch experimental

rn, a plot of welght per cent oxygen abesorbed (composition)

versus time could be made. The actual rate of absorption
is the slope of this curve, Hence a series of such runs over
a range of temperatures and pressures gave the rate of ab-
sorption relative to the three variables, temperature, pres-
sure, and composition.

A diagram of the apparatus used 1e given in Figure 1.
It 12 divided into two parts: (1) the reservoir section
consisting of a "vacuum"* and an oxygen reservoir esch with
a manometer, (2) the absorption section consisting of a
powder holder, Sprengel pump, and manometer. By means of
valves, oxygen can be bled into the absorption section
or out of the section into the "vacuum" reservoir.

The powder holder consists of a Jacketed piece
of 3/8" 0.D. brass tubing. Glass wool pluge hold the 5
grams of powder in place. Heat transfer calculations
(Appendix E) show that with reasonable absorption, the
averzsge temperature rise of the powder may be several degrees.
However, the ease of packing and simplicity of conetruction
were advantages which warranted the selection of the present

holder.

*Used to signify an evacuated vessel.

CNSFIOENTIAL
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To prevent blocking of the surface of the compound by
the accumulation of inerts present in emall amounts in the
eylinder oxygen used, a mercury circulation pump wss used
to sweep the oxygen through the powder. Gas flow rates of
80 to 100 cc. per minute were maintained. This flow was
sufficient since runs made with cylinder oxygen and those
made with pure oxygen (better than 99.88%) checked very well,

Jacket temperatures were controlled by use of stesm
for high temperatures, steam and water mixing for temperatures
between 20° and 100°C, and normal butyl alcohol cooled by
dry ice for low temperatures.

The volume of both reservoirs, ihe powder holder, and
the remainder of the abeorption section were accurately
determined. Hence with a knowledge of the pressure in any
section, the volume of gas in it ocould be calculated. These
calculations were somewhat complicated by the fact that the
manometer volume was an appreciable fraction of the total
volume.

In operation, the procedure was as follows: the compound
was desorbed, the tube evacuated and sealed off from the
rest of the system. The Jacket temperature was adjusted
and time allowed for the powder temperature to become constant.
At the same time the absorption system was filled with oxygen
to a pressure such that with the opening of the valves on
the powder holder, the desired pressure was obtained. The
mercury pump was then started, and the valves on the powder
holder were opened — absorption started immediately. The

desired pressure in the system was then maintalned by

ik HEMTIAT
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continuously blecding oxygen into the system from the
reservoir, while readings on the oxygen reservoir mesnometer
were taken at definite time intervale. From these readings
the amount of oxygen absorbed was calculeted.

At the end of a run the system was quickly brought
to atmosrheric rressure and sealed. Then steem was intro-
duced into the Jacket,and the oxygen given off was bled into
the "vacuum" reservoir. The volume obtained here, after
the correction for gas expansion in the powder bed due to
temperature change had been applied, should check the ab-
lorptiop.

sic Desorption Rates

Attempts by other investigators to obtain chemical de-
sorption rate data have all met with fallure. In all csses
the controlling factor in the desorption was not the -
chemical rate of reaction but the ability to furnish the
heat neceseary for the reaction. ' '

S8ince no appsratus was conceived thet represented im-
‘provements over those already tried, no experimental attempt
was made to determine these data difeetly.

e Abs tion Rate

In the design of a unit to produce oxygen from air,
the powder holder represents one of the main problems. Its
design will depend on the method of hrating and cooling
(air, water, steam, etc.), heat transfer to the powder
neceseary to limit the temperature rise during sbsorction

and to give a reasoneble desorption time, cycle length and

balence, life characteristics of the compound, etc. Becsause
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bt the many considerations involved, a powder holder was
rather arbitrarily selected for use in evaluating the
compound from an engineering standpoint and in obtaining
the initial design data.

A 1/2" jJacketed copper tube was used and is shown in
Figure 3. Thie tube was generally filled with 42.5 grams
of oxygenated compound which gave a bed depth of about 50
om. Buch a tube, heated by steam and cooled with water
or other 1liquid, had heat transefer characteristics suffi-
olently good to allow cycles of reasonable length and good
balance of absorption and desorption times. This holdef
was easilly constructed and inocorporated into apparatul;
quite strong and quite easy to load and unload.

Absorption obtained by passihg air through a bed of
powder Aiffers from the absorption obtained in the basio
absorption rate experiments because the oxygen partial
pressure varies through the bed depth, and absorption 1is,
therefore, a function of air flow rate and bed depth as
well as temperature, total pressure, and composition.

These data were obtained by two different methods.

The first consisted of passing air through the bed of
compound and after a definite time interval, desorbing the
compound to determine the amount of oxygen absorption.
The second method utilized a Pauling oxygen meter to ana-
lpse the exit air. From this analysis the oxygen removed
could be calculated. _With the first method each run gave
a point on the absorption versus time curve whereas the

second method gave the complete curve in one run. For this

CONFIDENTIAL
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reason the second method was preferred if it proved suf-
ficiently accurate.

The Pauling meter does not respond immediately but has
a definite lag —-- an accurate analysis of the character-
istiocs of the meter are given in Appendix F. In a series
of tests it was found that assumption of a 10 second lag
throughout gave very good results. The greatest difficulty
was, of course, encountered at the beginning of the run
where the concentration changes are lsrge. By checking
the calculations againet a desorption at the end of the
™n, any dlfrorencefwas assumed to be due to inaccurate
measurements at the initial part of the run. In thie way

the Pauling meter calculations were corrected to check the

desorption. This correction wae usually quite emall.

For prﬁctical engineering data the advantage of ths
rapid and continuous Pauling meter method far outweighed
the greater accuracy and reliability of the so termed point
method. Checks between the two methodes were usually bettsr
than 8§ per cent.

It should be pointed out that in both methods the exit
gas flov wae held constant by bleeding through a throttling
valve eince thies gave greater ease of control and greatly
simplified the oxygen material balances. This means, how-
ever, that alr flow through the bed was not constant; the
greater absorption at first will cause a greater flow. Cor-
rection to constant air flow would make only slight changes
in results; moreover, constant exit conditions are more

1likely to be met in actual units which makes the data
obtained all the more appropriate,
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A diagrsm of the apparatus used is given in Figure 4.
Essentially it consisted of a tube through which air was
passed. The pressure was maintained by a pressure regulator,
and the air was throttled to approximately atmospherio
pressure at the top of the tube. It then passed through
a capillary flow meter, Pauling oxygen meter, and wet test
meter. Connected to the tube was a "vacuum" reservoir used
in measuring the oxygen evolved upon desorption.

The procedure of operation was simple but required
rapid handling and adjustment of valves. The tube of com=- -
pound, initially in the desorbed state, was evacuated with
the Jacket fluid at the temperature required. The pressure
regulator was adjusted to the correct pressure and upon
starting, the valve at the bottom of the tube was opened
and the throttling valve at the top adjusted for the re-
quired flow according to the capillary flovw meter. Read-
ings on both the Pauling meter and the wet test meter were
taken initially and at definite time intervals. At the
end of a run, the air supply was cut off and the tube brought
quickly to atmospheric pressure, the manometer and first
valve to the reservoir opened, and the tube sealed off.

The compound was then heated with steam in the Jacket and
the evolved oxygen bled into the "vacuum" reservoir through
-the sensitive needle valve on that system, maintaining at-

mospheric pressure in the tube.

It should be noted that any oxygen absorbed after the

end of the run will upon desorption return the tube aystem

exactly to atmoepheric pressure and not be drawn into the

GONFIDENTIAL
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Fizure 5
Absorption Rate Apparatus
Using Pauling Meter
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fyacuum’ reservoir. Also at the beginning of the desorp~
tion, there is air in the powder bed, and the oxygen pres-
sure is not one atmosphere. However, with the evolution
of oxygen, this air 1s swept out and an atmosphere of com-
paratively pure oxygen ie maintained sround the grenules.

Bogineering Desorption Rates

All observations in this leboratory indicate that

the rate at which oxygen is evolved from ethomine or other
1like compounds is governed only by the rate with which

heat may be supplied. This may or may not be true but will
certainly apply to compounds in any practical powder holder.

No exact method of calculating such heat transfer has been

developed, and approximate methode sre not very applicable.
Hence actual laboratory tests were the easlest method of
obtaining these most important engineering data.

The apparatus used was that described in the previous
seotion, Figure 4. The compound was satursted with oxygen,
using cylinder oxygen rather than air. It wes held at
Jacket temperature long enough (5 to 10 minutes) to insure
uniformity of powder temperature and then the jacket was:
quickly raised to the arbitrarily selected desorption tem-
perature. The oxygen evolved was continually bled off
into the reservoir maintq}nlng the proper pressure in the
tube system. Readings were made on the reservoir manometer
at definite intervals. At low desorption preesures (below
1 atmosphere) the capacity of one reservoir wes not suffi-
clent to handle all the oxygen, hence two were used. The
two had practically the same volume and could be used inter-

ohapgeably.




Some vapor pressure data have been reported by Calvin (1).
He found that the approach to equilibrium was extremely
slow, and that times of three weeks to a month were required
for a single reading. With the hope of avoiding such time-~

consuming methods, an attempt was made to obtain some ap-

proximate equilibrium data in a much simpler menner.

The data obtained were that of the relationship of
composition to tempersture at constant vapor pressure. If
ocurves uefe obtained for several pressures, the usual

constant temperature vapor pressure curves could be ap-

proximated by interpolation. Moreover, these constant pres-
sure curves were of considerable interest since they rep-~-
resent the equilibrium desorption temperature.

By raising the temperature of the compound very slowly
auring a oonétant pressure desorption and observing the
.oxygen evolved at each new temperature, a plot of composi-
tion versus temperature was obtained. By allowing suffi-
cient time for complete desorption at any one temperature,
equilibrium should be closely approximated. This was par-
tially substantiated by the fact that with a shift in tem-
perature of only one or two degrees, a change to absorption

oocurred.
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C. Experimental Data
Bagic Absorption Rate Data

Ethomine especislly prepsred from C.P. chemicals by
Rumford Chemical Company wae used for all these sbsorption
experiments -~ in sll other experimental work except life
tests, commercial ethomine also prepared by Rumford Chemical
Company was used.

A summary of the series of absorption runs made is given
below. The different preesures (mm. Hg) used at any one
temperature are iisted in the column headed by that snecific

tenrerature.
ABLE I

go°

40 40 40 40
80 80 80 80 ———
1680 160 160 160 160
320 320 320 320 320 320 320
640 640 640 640 640 640 640 640
The results sre all of the same general cheracter except
for the appeerance of an "induction" period at conditions
of low pressure and high temperature. Curves of absorption
versus time are given for runs at 20° and 50°C in Figures.
6 and 7. The initisl period of accelersting rate or "in-
duction" period is quite noticeable in the letter.
Epgineering Absorption Rete Datg
Rune were masde by the point method at pressures of 20

psig. and 1 etmoschere, temperatures of 20° and 40°C, and
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a range of ailr flow rates, 1 to 16 cublc feet per hour through

a 1/2 " tube. Pauling meter runs were made at pressures of
20 snd 76 peig., a temperature range of -10° to 80°C, and a
range of air flow rates, 1/2 to 2 cubic feet per minute per

pound of ethomine in a 1/2" tube.
The results of the Psuling meter runs at 1 CFM/# and

20 psig. are given in Figure 8. A comparison of results
obtained by the two methods at 20 psig., 40°C, and seversl
air flow rates is given in Figure 9.

| E e De D

, A table of the series of runs made is given below. The

different desorption jecket temperatures used at any one
preseure are listed in the column headed by that sprecific
pressure.
TABLE III
Désorption Runs
! Op 1/4 atm, _ 1/2 at tm -1/2 atm. _P

3.4 100 100 100 100 100 .

g 110 110 110 -— e

? 120 120 120 - e

" 130 130 130 —-— e
2.0 100 100 100 - ——
2.0 1156 — — —— —
2.0 130 —— 130 -— S
F;gures 10 and 11 give typical desorption currves.
Equilibrium Vapor Pressure Dgtg.

I Approximate equilibrium desorptions at constant pressure

i were mede at pressures of 1/2 and 1 atmoschere oxygen

pressure. ThLese ere plotted in Figure 12,
- CONFIDENTIAL
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U
" D. Pata of Other Investigators
Japor Pressure

The oxygen vapor pressure of ethomine has been deter-
mined by Calvin (1) using stendard equilibrium methods.
Hie results are given in the following table.

JABLE IV
Zemp, _ Pressure (mm. Hg) % Oxygepated

0°¢ 0.3 3.6 ST

e 0.38-1.0 | 384
TR I 0.88 . 8.0
e B4 C T 8140
28°0 0.80 . b3

" 1.0 o sa

" L0 S e3.e

" 4.70 S e

. 11.80 e 93.0

Heat of Reaotion

Heats of reaction have been reported by both Calvin (1)
and Hetherington (4). The values vary somevhat with compo-
sition and the specific material used but all fall between
19,000 and 20,000 celories per mol of oxygen.
Soefficient of Conduotivity

McCrosky (8) obtained a value of 0.027 Btu/eq. £t. hr.
°F/tt. for salcomine granules, 10-20 mesh, in amblent air.
Somewhat higher values for ethomine were obtained by Hether-
ington (4). He suggests 0.0366 Btu/sq. ft. hr. °F/ft. as an

average value for- ethomihe, 10-20 mesh, in ambient air.




- - CONFIIENTIAL
Soeeitio Heat ;

Deterainations by Hetherington (4) gave approximately

0.25. This value was used in the ocaloulation of the coef-
fioclent of oconductivity.
Rensity

The bulk density of 10-20 mesh granules will vary
with the sample and packing. Generally it is between 0.6
and 0.7 g./cc. '
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R, Correlation of Basio Absorption Rate Data
Jasroduotion

The analysis of a large amount of experimental data
taken under various conditions with respect to the funda-
mental variables must, of necessity, be a stepwise proocedurs.
If at all poesible, the prroct of each variable should be

investigated separately. The method used here is that
most commonly used in analysis; namely, the postulation of
a chemical and phyliéal picture of the mechanism of reac-
tion bullt upon basic physical chemistry theories and the
application of tests of such a postulation to the experi-

mental results.

If the teats fall, the original piocture is wrong.
However, if the results f£it the picture that is not proof
that the picture is correct —- others may fit just as well.
Since it is impossible to establish positive proof of the
mechanism, the most reasonable one 1s usually acocepted as
the most probable picture and used as an end to understand-
ing and predicting the behavior of the chemical compound.

In many cases the search for a probable mechanism that
fits the experimental results fails. Then recourse to
sathematics that will fit the data is made, and an empirical
ocorrelation is developed. BSuch correlations give no insight
into the basic physical and chemical properties dbut do,
nevertheless, allow predictions of the behavior of the

material considered.

CONFIDENTIA;
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Composition
The overall reaction between ethomine and oxygen
may be represented by the equation:
2M + Oy @ Mz0,*
This may in turn be considered to go in two distinct steps:
(a) M + 05 =~ MO,
(b) MO + M == M0,
The experimental data give the total amount of oxygen

going into combination with ethomine. Hence, regardless

of whether the reaction proceeds in one or several steps,
it gives only the difference in oxygen taken up by the

forward reactions and that released by the reverse reac-

tions. At low temperatures the vapor pressure of the
oxygenated ethomine becomes very emall and the back reac-
tions releasing oxygen can be neglected. Hence, at low
teﬁperatures the date may be considered as representing l
the oxygen absorption reactions only.
For a first order reaction with respect to deoxygenated *
ethomine, we may write
(1)ﬁ§-x'1§l :
where
x = per cent oxygen by weight on ethomine
8 = per cent oxygen at saturstion
¢ = time (minutes)
k' = proportionality fesctor
For such a heterogeneous reaction (s0lid and gas) k' 1s

constant for conditione of constant temperature and pressure

*The moleculer form M0, has been proven by Calvin (1) with
X-ray diagrams.
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k' = x@(p) (specific reaction rate constant)(function
of pressure)

Integrating (1)
-ln(s-x) = El e+o
At 0 =0, x=0, ¢c = ~ln 8
Hence
(2) <log (8=x) = 573551;- @ -log 8

or
(3) =log (s-x) = X@ =log s

A plot of log (s-x) versus © should give a straight line

of slope =K if the reaction is first order. 8Such a plot
for ethomine at -10°C 1s given in Figure 13. Straight lines
are obtained over the range of O to approximately 90 per
cent of satufation.

If the reactions were second order a plot or';%; versus
© should yield a straight line of slope k'. Such a plot
for ethomine at -10°C 1s given in Figure 14.

The fact that the experimental data deviate from a
first order reaction as saturation 1s approached, the rates
becoming slower than that predicted was to be expected.

In the first place changes of phase occur at approximately

5 and 80 per cent of saturation according to Calvin (1),
Below § per cent saturation, there 1s a single phase system
of oxygen dissolved in deoxygenated ethomine. Between

5 and 80 per cent, there is a two-phase region of oxygenatec
and deoxygenated compound. Above 80 per cent saturation,
there 1s a shift to a singie phase of deoxygenated ethomine
dissolved in the oxygenated. ‘t%hen this second single phase

region 18 reached, 1t 1s not out of the question to expect

GONFIDENTIAL
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Figure 14

Second Urder Teat

Ethomine -10°C
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a different mechanism of reaction. As saturation is ap-
proached, the oxygen vapor pressure rises rapidly and in
all probability the back reaction can no longer be neg-
lected. Also, from a physical standpoint, it is not 4ir-
ficult to resson thet with increasing oxygenation, 1t
bedomes increasingly difficult for oxygen to reach unoxi-
dized molecules in the interior of the granules and that
diffusional ‘effects should be considered.

It 18 only logical to assume that the rate of the
reverse reaction (releasing of oxygen) should be a function
of the oxygen in combination with the ethomine. If the

reverse reaction is first order, the rete equation is as

follows:

OF IR R -

While ki is a function of both temperature and pressure,
ks should be a function of temperature only.
Rearranging (1)
(6) (-&5)(-;) -k} 82X o,

A plot of (gg)cg) versus 5%‘ should give a straight
line of slope ki and intercept -ks. Such & plot for ethomine
at 30°C is given in Figure 15. It 1s Aifficult to obtain
an accurate .intercept value since all the lines apparently
pass through the origin.

However, if equation (1) were rearranged in another

fashion; namely,

(e) 33 L=k -k K

a plot could be made of (%g)f;f;) versus cX- ana the

*(%é) is the rate of oxygen absorption --— the slope at any

point on the per dent oxygen abeorbed versus.time . curves.
e iLiEiN AL
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slope would be -ks. Figure 16 shows the 30°C data plotted
that way. Although the points scatter, the slopes appear
to be gzero.

The same reasoning may be applied with the assumption
that the reverse reaction is seconi order. The results
obtained are substantially the same. However, if the
experimental results at high temperatures are tested for
the single rate of reaction constant as was done at low
temperatures, all give good straijght lines. A graph of
log (s-x) versus time 1s given for ethomine at 30°C, Figure
17. It appears that if there is a substantial back reac-
tion, its effects are contained in this one rate constant.

Langmuir's (6) theory on heterogeneous systems, par-
ticularly for the resction

1l
Ca0 + CO5 == CaCOy3
2

mey give some help here.
If this reaction is considered from a kinetic point of view,
doy/dt = k1pg O3

dcg/dt = kO,

vhere 01 and O; are the fractions of reacting surface

that are CaC and CaCOj; respectively.
At equilibrium

k1Pgo, O1 = kafa
Keq. = ka/k1 = Pgg_ ©,/6,
Since Keq. = pcoa in a monovariant system,

0,/02 =1 or 0, =0,

CONFIDENTIAL
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This is explained by the assumption that resction occurs
only at the interfaclial bounderies. Hence a change in

one rhase ares results ih an identical chenge in the other.
In the case of CaCO3 - Ca0 the CO; Aiffuses through the
relatively porous Ca0 snd reacts on the surface of the
CaCOs corystals. Such a CaCO3;~Ca0 mass would have definite
crystal boundaries g8 1s actually the caée -~ thege facté
£it the phase rule.

From the above, it appears that the rste of combina-
tion or decomposition would be a function of the phase
interfacial boundaries which in turn would be some function
of the extent of reaction and previoue history.

If in the case of ethomine the reacting surfsce were
proportional to the deoxygenated compound, the rate equa-
tion would have the following form:

Q,l-_l_-_z
L a = & !;I ks =3

%s = (k]'--kg) !'Ez

(g) 4% _ 8=x
8) 4o Kt 8

Such an equsation will yield only one constent when teested
under conditions of constent pressure and temperature.
However, ki and kp should have different tempersture coef-
ficients and mention of this will be made in the diecussion

of tempersture influence.




p(mm

A table of the sirgle firet order k' 's 1s given below.
TABLE V
k' = kff(p) = 2.303 8K
-10° 0° 10° 20°  30°  40°

)
=

320
160
80
40

1.99 3.28 6.07 7.81 8.00 7.11
0.69 1.13 1.75 2.50 2.68 2.67
0.30 0.42 0.66 1.03 0.97 0.80
0.13 0.16 0.2¢ 0,33 0.32 0,24
= === 0.097 0.107 0.073 0.031

A plot of the sing1535¥32r k' 's is given in Figure 18,
The values taken from the smooth curve are used in all the
pressure and tempersture correlatiomns.

For prectical purposes knowledge thet the resction
is first order with respect to deoxygenated ethomine over
a range of O to 90 per cent saturation ie sufficient. 1In

engineering svplicetions, the compound is eseldom carried

to saturation and greatest interest is in the rate of

reection within the range mentioned above. Hence for this
investigation it will be asgsumed that the reaction of etho-
mine with ox&gen is a firet order reaction, -remembering,
however, that devistion from this rule occurs at high sat-
uration values.
Pressure

The i1dess of Lengmuir (6) on heterogeneous equilibrium
may be spplied to tris problem as follows:

@8- pxa) F

whqre F is a8 (unction of the interfsciel boundaries. It is
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R
here sssumed that the forward or absorption reaction 1s
provortional to the oxygen concentration and therefore

proportionesl to the oxygen pressure. At equilibrium

K = i; =p, oOr ks=kp,
where pp ie the equilibrium oxygen pressure.

Hence
'gé = (k;p - klpo) F

(10) 4% = x,F (p-p,)
From the previous discussion it appears that
F= 8=X

8

or

and
(11) §§ = x, (p-p,) &%

From equation (1)
,

¥ .-{ééi— = 2,303 s K
Substituting in ® equation (11)

(12) k' = k; (p-pg).
To test this equation, k' was plotted versus p. BSuch a
plot for ethomine et 30°C is shown in Figure 19. If the
equation fitted the data, the plot would be a straight
line of slope k; and intercept on the abscisea of pg.
All experimentel data gave curves that were concave up-
werd. The abscissa intercept could not be determined
accurately but wes much higher than the equilibrium pressure.

A teble of estimated oxygen vapor pressures for

ethomine at 40 per cent saturstion is given below. The

pressures were calculsted from the small amount of equilibrium

CONFIRFY™""
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date aveaillable assuming the Clausius-Clape¥ron to hold.

Forty per cent saturation was seleated becouse 1t -1s neer

the middle of the flat portion of the conetent temperature

vapor pressure curve, the average pressure in the single

phase region. ‘
TABLE V

Temp.°C. Vapor Pressures
H

o] 0.1
10 0.3
20 1.0
3c 3.0
40 8.4
50 21.6
60 62.6
70 121.4
The fact that the plots of k! versus p curved upwerd sug-
gested thet k' might he a power function of p. The rela-
tionship would be
(13) k' = k p"
Teking the logs of both sides
(14) log k' = nlogp + log k

A plot of log k' against log p would give a straight line
of slope n if such a relationship fitted. This is éhown
in Figure 20. Straight lines of slope 1.5 were obtained
over most of the range of deta. The experimental results
deviate at the low pressures in the very high and low

temperature reglons.

CONFINENTIAL
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The correlations could be made slightly better by
the use of (p-p,) rather than p but the additional term
gave a much more aifficult expression to handle without
a great increase in accuracy. At constant temperature

the resction rate equation may be expressed as follows:
105 B-‘
(15) gg =k p e

where
k = gpecific reaction rate constant
b 4

= wt. per cent oxygen absorbed
8 = wt. per cent oxygen/ggturation
¢ = time in minutes
P = oxygen partial pressure in mm. of Hg.
A table of velues of k over the temperature range inves-

tigated 1s given below.

TABLY VII
Temp. °C, k
-10 1.23 x .'I.O-4=
0 2.03 F
10 3.14 .
20 4.52 E
30 4.94 g
40 4.41 e
60 2.99 ¢
60 1.67 -
70 0.74 "
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The correlations could be made slightly better by
the use of (p-p,) rether than p but the additional term
gave a much more difficult expression to handle without
a great increase in accuracy. At constant temperature

the resction rate equation may be expreseed as follows:
1.6 g-
(16) 45 « x pt® X

vwhere
k specific reaction rate constant
x

= wt. per cent oxygen absorbed
s = wt. per cent oxygen/g:turation
¢ = time in minutes
p = oxygen partial pressure in mm. of Hg.
A table of velues of k over the temperature range inves-

tigated is given below.

1.23 x 104

2.03 T
S.14 .
4.52 _
4.94
4.41
2.99
1.67
0.74
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It is 4irficult to offer an explsnation for the func-

tion of presgsure being the 1.5 power. Surface adsorption
might be considered the governing fector rether than
pressure. However, all such theories lead to powers of
less than 1.0 on the pressure. Since the actual meaning
of the readtion rate constant k ig in considerable doubdt,
the use of p1'5 should be considered an empirical correla-
tion without a theoretical basis.
Temperature

Application of the theory of Langmuir on heterogeneous
systems led to the following rate equation at constant

temperature and pressure:

%g'(ki‘kn)'s‘?
This can be extended to include the influence of tempera-

ture and pressure by assuming both ki and kg have tempera-

ture coefficients according to the Arrhenius equation

and that ki alone 18 a function of pressure.
E -Ea
16 =

At low temperatures where the back reaction can be neg-
lected E; can be calculated. For ethomine

E} = 7000 cal./g. mol O,

E; = AH + E; = 19,500 + 7000 = 26,500 cal./g. mol O,

At constant pressure, the two rate éonstants sre the
only unknowns if the solution for El and E; 18 correct.
These may be determined by trial. However, velues could
not be found that would fit the data well. By varying
E; and E3 the it could be improved but in all cases the
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equation predicted rates that fell off too rapdily at
high temperatures. No attempt was mede to determine the
precsure function. In this case, it might have been

entirely different from that previously found.

Since no simple explanation of the temperature effect
could be found, the variation of k with temperature wse
best defined by an empirical ecuation. The experimental
data gave a curve much like the normal prcbability curve,
end an equation of that type was used. The general form
is a8 follows:

v o uaT K(x-x)*

or in this case .
K = ae ~P(t-t)°

By trial the axis wae found to be 29°C. The best aversge

fit gave the following equation:

(17) k = 4.9 (10"‘)° - 1.1 (2073)(¢-20)2
Figure 21 ehows a greph of the k valuee obtained from the
pressure correlatioh compared to the onetc predicted by
the above equation.

It must be remembered that equation (17) does not
obey the neceseary boundrry condition of desorption at
high tempersture (negative k). Desorption does occur at
93°C and 1 atmosphere and at a lower tempersture corres-
ponding to a lower pressure which value can be approximated
by use of the Clausius-Clapeyron ecuation.

General Correlation

The rate of reaction of ethomine and oxygen in the

range -10° to 60°C end O 'to 1000 mm. oxygen partial pressure

CONFIDENTIAL
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can be aprroximated ae follows:
ax
(18) 33 =[4-° (10

-3 2
-4 .-1.1(10- )(t-29)]p1.5 ‘_;_‘

vhere .
= wt. per cent oxygen abaorbed_

= wt. per cent oxygen at saturation
= °C,
P = oxygen partial pressure in mm. of Hg
¢ = time in minutes.
The integration of equation (18) will yield
(19) 1n L =4 o-D(t-29)° ;1.5 ¢

where
A=4.9 (207

b=1.1 (10" .
If 1n ;E; 18 plotted Versul'% e (t-20) P e, a

)
%)

straight line is obtained and experimental pointe may be
placed on the same plot to check the correlation. Such a
plot ie shown in Figure 22, The pointe were taken from
data covering the complete temperature and pressure range
and absorption times up to 5 minutes.

Above a value of ;5; of 10 (90 per cent oxygenated),
the experimental points deviate grestly from the equation
but do fall rather well on a common curve. Sinc e the
first order reaction does not hold st such ;E; values, this
deviation was expected.

On the plot shown practically all the experimental
pointe are within 10 per cent of the calculated value with
a maximum deviation of about 35 per cent. From an engineer-

ing etandpoint thie 1s an excellent check.
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Comparison to Other Monovariant Systeme (CaCO; and C4CO:)

Zawadzkl and Bretsznajder (14) have reviewed considerable
work on monovariant heterogeneous systems. Most experimentasl
work wae done on the association and dissociation of CeCOj3
and CdCO3. Experiments on decomposition of CeCO3 have also
been reported by Maekill and Turner (7) and Huttig and Keppel
(6). Certain general proverties of such systems deviating

from the classic theories of chemical kinetics are indiceted,

and these will be outlined briefly.

Experiments showing the effect of composition on asso-
clation and dissociation rates gave consideresdble difricu;ty
and the results are poor. Indications are that decomposi-
tion is first order with respect to the carbonate. Asso-
clation is probably the same type of function with respect
to the oxide.

The genersl properties of the systems are shown by the

grephs in Figure 23. The overall rate of reaction, v, is

the initisl rate and therefore independent of the function

of composition. It is a function of pressure and tempera-
ture, equivalent to k' used in the correlation of ethomine
data.

A study of the grarhs in Figure 23 will reveal thLe
following fundamental properties:

1. At low pressures, p/p, < 2, the overall rate of
reaction is proportional to p - py. Association or diseo-
clation ocours depending on the siga of p = Py (Graph 1)

2. At high pressures, p/poj>-4, the rate increases out
of proportion to p - Py+ (Graph 2)

CONFIDENTIAL
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'8. Over considerable range the rate is proportional

top - p;, where pa is a pseudo equilibrium pressure.
(Graph 2) |

4. Rates are identicel for associstion and dissocia-
tion for equal values of p-p, and p,-p. (Graph 3)

8. The equilibrium pressure follows the Clausius-
Olapeyron relationship. (Graph 4)

6. The variation of rate with temperature goes through
a maximum falling off rapidly on each side. (Graphs 5 and 6{

7. At certain temperatures and low pressures a defin-
- 4te "induction" period ies observed. (Graph 7)
. Ethomine checks the above properties exceptionally
well, with absolutely no basic refutations. Calvin has
reported the proportionality of pressure and rate at low
pressures and his equilibrium data se well as the author's
appear to roilow the Clausius-Clapeyron equetion. The rela-
tionship of rate to tempersture fite the type of curve given
for CACO3 very closely. However, no measurements of dlsso-
ciation raves were made, nor were sufficient low pressure

data taken to check the pseudo equilibrium.




F. Method of Predicting tngineering Absorption Data

Basic Ecuations

' The determination of absorption vhen air 1s pessed

' ) through a bed of ethomine requires s knowledge of rate
reletions, meterisl baslance, and tempersture conditions of

l the bed as governed by heat transfer. The partisl differ-

entisl equations fcr a rigorous esolution of the problem can

be set up. However, the solution of such a set of equations

mathematically ie entirely too difficult to be coneidered
here.

The sssumption thst the bed 1s isothermel thrcughout

e section of such a bed of ethomine of unit cross sectionel

aresa. T -L
(A
T
G AS

At any time ©
N = mole of Np/(minute)(unit eross section)
R = mols of 0,/mol of N,

Mols O, entering/min. = N R

Mols O, leaving/min. = N[R + gl—ﬁ dl]

Accumulation = -2B daL

1 aL
2
O, absorbed by the section = pf 3% aL

where x = weight per cent O, in combinetion

p = bulk density of ethomine

B = conversion factor to mole

the absorption time greatly simplifies the problem. Consider

WV 0l wnisan o W A
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Hence

R
(1) pp il aL=-nN8f a

The rate eguation at constant temperature 1is

- 1.6 gox
%é * Po. s

Po, [H%I]P

where P = total alr pressure

But

Substituting for po
(2) 9% = x P 5[——] ’-5

The solution of equations (1) and (2) muet satisfy
the boundary conditions of (1) entering ges being air, (2)
initial bed condition of x, = 0, (3)Ly = O, and (4) &, = O.
Constant gas flow at the entrance rsther then the exit (as
was used experimentally) was assumed because the assumption
of constant exit flow would heve only complicated an already
formidable problem.

No mathematical solution to the pertial differential
equations was found. Graphical or stepwise methods of
finite increments were therefore investigated.

The equations were first exsmined to see if a general®
solution was possible. Equations (1) and (2) cen be rear-

ranged and put into the following form:

(1a) 2§ 2R
1.6 = 1.5
o[5— 9] ;,[_o&;_r;_ ,,]

*General in the eense thet it would hold for all v:=lues of
the constants (p, B, 8, k, N, and P) with fixed boundary
conditions.




w0 Sy - [ [
J =
The variables involved ;rg now four dimensionless
. 1.0
groups, nsmely, (x/s), R, kf e =0 and.ﬂﬁég-- L=L',

However (x/s) and R are directly releted and the'lolution
may be given 17‘erms of the two independent variables O
end L', and either (x/s) or R. Any perticular® solution,
no matter how obtained, which gives the value of (x/s)
and R for any ¢ and L can be transformed to the more gen-
ersl solution by putting it into terms of the dimensionless
groups.

The rate-preseure relationship of poal'6 causes the
term ﬁ%i in equation (2a) to carry a power factor of 1.5.
This factor restricts the genersl solution to ethomine or
compounds of the same rate-pressure relationship since the
particular rate characteristic of ethomine is not removed
by the rearrangement of terms.

Stepwise Solution

As an approximation, the continuous passage of gas up

through a bed of powder, may be considered a series of finite

batch processes. A slug-of air equivalent to that which
would pass through the bed in a smell increment of time is
allowved to remain in a small section of the bed for that
increment of time. The slug of gas remaining 1s then moved
to the section of bed ebove and allowed the same time of

contact, etc. After this slug has been carried the entire

*Solution with particular values for the constants.
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height of bed, a second slug of air, representing the second
increment of time is carried through the bed in the same
fashion. Such a procedure will approximate the calculus of
integrating with respect to L and ©. The accuracy of such
e method will depend on the size of the increments of time
and bed height used.

In such a series of calculations the rate equation (2)
is used to determine the absorption in a section and the

oxygen composition of the gas figured by material balance (1).

(3) 45 . Pl.s[ﬁi]l-ﬁ =

(4¢) NAG(Ry~R) = fpaL(x-xq)
Elimination of R between (3) and (4) gives an equation of

the form: .
_gs_' a(b-x)1+8 (s—x)

(c-x)1.B
This is an extremely complicated form and was not integrated.
To obtain an expression for the absorption during the

time © equation (1) was integrated aéhuning the pressure
1.5
%.] to be constant. The value of

driving foroe P1'5ER

driving force used could possibly be some average of the

initial and final conditions. By integration
8 - Xo
(6)x =8 - 1.5 R T,
BP0 [ﬁﬁ:i)l'ij

- (¢) x=8 = 2%

oAn

ave.

where
kn f ple® 0

CONFIDENTIAL
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n vas arbitrarily taken as

[n_o&;_l] 1'5+[_B£_1_]1‘5

2
This average ariving foroce resulted in numerical values
which were substantially correct since the final value of
x was independent of the magnitude of the AG employed. The
final value of R corresponding to x could be obtained from
equation (4). The actusl numerical calculation required a
knowledge of R, to calculate x and hence was a trial and
error solution between equations (4) and (5).

This stepwise integration was carried out for a tube
of ethomine. The conditions assumed were temperszture 40°C,
air rate 1 CFM/# in 1/2" tube, pressure 20 psig. The incre-
ment of bed height AL used was such that the values obtained
were within 1 per cent of those obtained with an increment
one half as large. Since the calculation was numericeslly
exact for the integration with reepect to @, the solution
should be guite accurate.

The results were converted to values of (x/8) ye.:

L', ana ©'. (x/s),ye. 18 the average value of (x/s) over
the range of O to L. A plot was then made of (x/s)ave.
versus L' at constant ©' values. A cross-plot was used
to obtain ©' values as integers. Calculetions and tables
duded in Appendix C. The final plot is

of values are
given in Figure
sing

|

4, :
e plot N"P, P, B, K, 8, and L may be in any

67
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values of (X/e)ave. and ©' are read from the chart. These
velues ere then converted to x and O,

In applying the chart to design work the restrictions
resulting from besic assumptions must be kept in mind.
These sssumptions =re:

(1) Isothermal bed.

(2) Abeorption is controlled by chemical reste and not
by diffusion.

(3) Chemical reste equation holde over entire range of

composition.

(4) Constent entrance conditions.

Figures (25, 26, 27) show the calculated absorption
as compared to actual experimental date in a 1/2" tube.
The experimental resulte ere reported on the basis of
Jacket temperature. The average bed temperature msy riese
as much as 10 to 16°C above the jacket at some time during
the run. Hence the experimental results should be shifted }
to a higher averege bed temperature. 1In general this is
the case. The varietion between calculated and experimental
data 1s of the ssme order of magnitude as variations between

individuasl experimental rune.
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&. Nethod of Predicting Degorption Data

Ethomine in the desorption tempercture range takes
up considerable heat in evolving oxygen. Considered purely
from the standroint of hest input, thie hest added could
be imagined due to heat capacity since the tempernture 1is
not strictly constent but does slowly rise. According
to thie viewpoint ethomine in the desorption range has
an exceedingly large, variable heat capscity which 1e a
definite function of tempersture. The problem of heat
transmiseion through such a material hes teen treated mathe-
matically by Nessi and Niesole (9) and Seawada (10). Such
treatment 1s out of the scope of this paper. The approximate
Schmidt (11) method may be uesed by arplying the correction
of verying sleb width with tempersture. The complexity
of such a construction is herdly Justified by the accuracy
obtained.

The mechanism of desorption may be simplified by the
following ascumptions:

(1) Desorption takes place at conetent temperature
(actuslly better then 50 per cent of the oxygen is driven
off within a range of 6°C at constent vrescure).

(2) The rste of desorption is dependent only upon the
rate of hest conduction to the compound.

Oélculation of heat transfer to & bed of ethomine assuming
the above simple mechenlem ie still beyond the scope of simple
mathematice. However, such heat transfer cslculations ﬁay be

aprroximated by applying the graphicel Schmidt method.

GONFIDENTIAL




S

In ueing the graphical Schmidt method for a cylinder,
equally distant concentric layers sre plotted on a logarithmiec

scale. Otherwise the treatment 1s exactly the same as that

used for a slsb. A derivation of the above is given in
Appendix D. The following assumptions were made in carry-

ing out the asonstruction:
(1) The center line temperature represents the uniform

temperature of the layer.

(2) When the average desorption temperature is reached
at the center line of the layer, the point is fixed until
desorption 1is complgte.

(3) The temperature gradients at the center line
represent the driving force for heat transfer into and out,
of the layer.

(4) Heat transfer follows the simple relationship
q = k A(Ayy - 45,¢) where A 18 the area of the center of
tpe layer.

The exact method of construction and calculation is
described in Appendix D. The result as compared to eperi-
ment for desorption of ethomine in a 1/2" tube at one at-
mosphere and 13C°C from an initial bed temperature of 40°C

is shown in Figure 28. An equilibrium desorptiom temperature.

of 93°C, k of 0.027 Btu/hr. eq. ft. °F/ft., and Cp of

- 0.26 Btu/°F 1b. were assumed. The value of k 1s in doubt

and should probably be higher. No determinations of k have
been made under conditions of gas flow through the hed.

The check of calculated and experimental results is
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- _ :only falr but is sufficiently good to predict desorption
| () : ', times for preliminary design work. For other reactors it
h o may be necessary to modify the graphical method somewhat -
| o but the basic principles will remain unchanged. ' ’
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Jdantroduotion

In general, the same apparatus and procedures were
used as with ethomine. The same fundamental types of data
were obtained, namely:

(1) Basic absorption rate data using pure oxygen.

(2) Engineering absorption rate data using alr with

the compound in a standard tube.

(3) Desorption rate data with the compound in a

standard tube.

(4) Equilibrium vapor pressure data at constant pres-

sure. Samples of fluomine used in this work

were furnished by Calvin and were made in his
- laboratory.
Experigental Results

A. Basic absorption rate data were taken over a range
of temperatures of -10° to 50°C and pressures of 2 to
320 mm. of Hg. Results at 20° and 60°C are shown in
Figures 29 and 30. These curves sre typical of all the
data. A marked induction period apneared in runs at high
ténperaturea and low pressures.

B. All engineering absorption data were obtained by
use of the Pauling meter apparntus exclusively. Pressures
of 1 atmosphere, 2b, end 75 psig. were used. Typiocal
absorption curves are given in Figures 31 and 32.

C. Only a few desorption runs were made since it

became apparent that the results were qQuite comparasble to

"
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CONFIDER 1
these obtained for ethomine. Such a desorption curve 1is

given in Figure 33.
D. Equilibrium data giving the relationship of com-

position and temperature at constant pressure were obtained

at 1/2 and 1 atmospheres oxygen pressure, Figure 3¢. The

oxygen absorption rate apparatus was used for this work.




IAL

:

WIS LAY S

‘4

o

»

-+

i

iegnen

i
e
=8

LN‘-'L

e

THEHE

ne

Rt RS

Iniae nus)

'
+

T

'y
3

13

11

1SS
"

o4

i

FE A
" l‘fq L}

oe

Sea

2
v

b1

.-t

Tigd

oyt
v
e

8
>

SEYW IOGIISWYD “IAY "SSYW OF 'S “2"H ‘38015 A90TONHI3EL 4 7" Wi04




) RESRRE2:

T

e -
{1t
42

!

!

g e s et et e e

-84-

4
'

{
'SASSY LA L
!

{ !

ment

E

B e

VW IOCIRNEWYD “IAY "SSYW OF °S H '3¥01S A901ONHDIIL L w



b

QONFIDENTIAL

B, ©C of B R D

Antroduction
The experimsntal data obtained for fluomine show it

to be very similar to ethomine in its properties. De-
sorption temperature and vapor pressure relstions are
almost identical with ethomine. - However, fluomine has

a higher saturation velue and its rate of absorption is
higher with the optimum at a somewhat lower temperature.
Because of the general similarity, analysis of the experi-

mental data was carried out in much the same manner as
with ethomine.

Composition
‘The data were first tested to determine the order of

reaction with respect to deoxygenated fluomine., Plots of
(s-x) versus © at -10° and 30°C are given in Figures 35
and 36. A straight line on such a plbt indicrtes a first
order reaction. As with ethomine, straight lines were ob-
tained over the range of O to approximately 90 pei cent
of saturation at sll temperatures. The induction effect
vhich is more pronounced for fluomine than ethomine causes
deviation from a'straight line during the first part of
the oxygen absorption. A similar test for second order
reaction was made. This failed.

'The equation for the first order reaction at constant

pressure and temperature 1is

R CONFIDENTIAL
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where
k! =

k#Z (p)
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A table of values of k' is given below.

TABLE VIII
k' =k ¢ (p) (Experimental)

Rlem Hg) -10° 0° 0° 20° 30° 40°  §0° T°C,
320 11.12 13.17 12.76 9.5 7.60 4,90 2.66
160 4,36 5,78 b5.80 4,73 J.70 2.16 0.98
80 1.60 2.34 2.60 2.2¢4 1,97 0,80 ===
40 0.66 0.89 1.34 0.85 1.,21(?) === ==
20 ——— 0.32 0.58 0.18
A plot of k' versus temperature 1s shown in Figure 37.
Values of k' read from the smooth curves of this orose plot
are given below.
TABLE IX
k' =k # (p) (smooth cross-plot)
plom Hg) -10° 0° J0® 20° 30° 40° 50° T°0
320 1l.1 13.0 12.6 10.5 7.6 4.8 2.656
160 4.3 6.7 ©b.8 6.0 3.6 2.12 1.00
80 1.60 2.36 2.60 2.26 1.64 0.97 0.45
40 0.57 1.04 1.22 1.03 0.67 == —
20 0.21 0.41 0.5l 0.44 0.28 === -
Bressure

Values of k' at constant temperature were plotted against

pressure, Figure 36.

Comparatively good straight lines

were obtained which, however, did not pass through the ori-

gin but cut the x-axis at positive vslues of pressure.

means that

This
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k' =x & (p) = k(p - p;)

where p) = pseudo equilibrium preesure.

an intermedizte range of pressures,

This i1s the type

of relationship obtained for the Cald -~ CaCO; system over

Within the range of prescure investigeted, the above

relestion holds but, as with Cs0 - CaCO;, it rrobably fsils

at both higher and lower pressures. Approximate vélues

of k and p; are given below.

' TABLE X
. & - x (ppy) 3
. Tempersture k p;

-10°C  2.94 x 1072 15 =m .
0° 3.83 % non
10° .01 % n »
20° 3.40 4 n o »
30° 2.47 " n o
40° 1.0 " 21
50° 0.90 " 36 »

versus log p was meade, Figure 39.

In order to check the possibility of correlsting
the deta on the basis of @ (p) = p®, s plot of log k'

At constant temperature,

straight lines of slore 1.15 were obtained. This is quite
reasonable silnce £ elope elightly greeter then 1.0 was
expected on the baslis of the previous correlstion. The

velues of k for different temperstures ere given as follows:
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ABLE XI
1.16 s8=x

Jeagperature k

-10°C  1.20 x 10°2
° 1.55 *
10° 1.68
20° 1,41 °
0° 1,02
0° o062
50° 0.51

This second pressure correlation is the better if
the equation 1s to be used over a considerable range of
pressure. It represents the experimental data ressonably
well at low pressure where the relationship @ (p) = (p-p;)
falls completely. Judging from the results obtained with
ethomine, 1t can be expected to give a much better pre-
diction of ebsorption rates above the range of pressure
dovered by experiment also. Hence, this correlation is
recommended as the more accurate. It is,however, the
more complex from a mathematical point of view,
Temperature |

The relstionship of k to tempersture for both pressure

correlatione ie given graphically in Figure 4C. No attempt

was made to obteln either theoreticel or empirical equa-

tions for these curves.
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Correlatio
Two equations were found which fit the data equelly

well.
(1) 33 = x(p-p}) &=
Good between -10° and 650°C snd 40 and 320 mm. Hg.
This equation is not recommended over & greester preseure

range.

(2) %g =k pl'15 giz

Good between -10° and 60°C and O and 320 mm. Hg.
This equetion will ' robably give good results over nressures
much above 220 mm. Hg.
For valuee of k given in Tables X and XI -
x = wt, per cent oxygen absorbed
8 = wt. per cent oxygen at saturation
P = oxygen partial pressure in mm., of Hg

© = time in minutes




| vi. oz 5 CONFIDENTIAL

Optigum Cycle

The cycling life of these compounds is not a main

considerestion of this paper. This phase cf the problem
hes been investigsted in considerable detsil by A. .M.
Smith (12). His experiments indicated that deteriorstion
wss p function of the oxygen produced snd the number of
cycles. His work also showed that most of the deteriora-
tion occurred during the desorvtion period. Lowering of
the desorption temperature snd pressure reduced the rete
of deterioration.

On this basis a very genersl picture of the deter-
ioration mechanism may be postulated.

(1) Chemicel deterioration occurs.when the compound
is brought into contact with oxygen. This may be con-
sidered a chemical resction and is a function of the oxygen
pressure and temperature at the point of reection.

(2) Chemicel deteriorstion ie slso a result of the
atsorption and desorption process, due mainly to the
streining end shifting of molecular structure.

(3) Physically, the structure is reduced by esch
heating end cooling cycle.

Thie picture suggests the following necesssry conditions
for maximum oxygen production with respect to the compound

1ife:

(1) A minimum number of oycles.

G
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| - '(2) As low an average compound temperature as possible

throughout the cyecle.

(8) Low oxygen pressure when compound is at high
tempersture.

Such an optimum cycle would be one in which:

(1) Compound is carried practically to saturation
each cycle,

(2) Desorption is not complete (80 to 90 per cent
desorbed) snd a moderste Jacket temperature,
30 to 40°C above equilibrium desorption tem-
perature, 1s used.

(3) Desorption pressure maintained low (0.1 to O.2
atmospheres) .

(4¢) Avsorption preceded by a cooling period.

The reasoning involved in such a choice is quite eimple.

- Absorption 1s carried to seturation to obtaln as much oxygen

as possible per cycle, hence minimizing the number of cycles.
Desorption is not complete which meane that for the moet

part the compound never rises above the equilibrium desorp=-
tion temperature. A low oxygen pressure st this point reduces
the chemical deterioration which is s function of thls pres-—
sure and also lowers the equllibrium desorption temperature
and consequently the compound temperature. Such a reduced
pressure also reduces the time of desorption at a given

Jacket temperature. A cooling period prevents high pressure

air from contacting hot compound.

CUNFIDENTIAL
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Exverimental Procedure and Results

Teste were csrried out to Gtermine grproximnte optimum
cycles for ethomire end fluomine. The deterioretion under
theee conditione wes then determined experimentelly. The
apperastus used wne essentially the ssme as the sutomatic
equipment ueed by Smith. (12). Only miror changes and
adaptetions were made. The results obtained ere shown
in Figure 42. Included i¢ the beet cycle for salcomine
according to Smith.

All tests were carried out in standerd 1/2" tutes.
S8ilice gel dried air was used throughout. The dew point

was maintained below =-30°C st 1 atmosphere. The general

charscteristics of the cycles are given in the teble below.

TABLE XII

Fluomine Ethomine Salcomine

Totel cycle length 10 min. 10 min. 10 min.
Absorption time 5.25 min. 5.5 min. 6.5 min.
Blowdown time 0.25 " 0.5 " 0.5 *
Desorption time 3.5 " 3.5 * 2.0 ¢
Cooling time i.0 0.5 " 1;0 "

Cooling water temrersture 22°C 20°C 10°C

Steem temperature 130°C 130°C 130°C

Air pressure (rsig.) 20 20 80

Alr rete (CFM/#) 1.0 0.75 0.5

Desorption pressure (stm.)0.1l 0.1 to 0.2
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Figure 41
Cycling Apparatus
for Fluomine
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The plot of ett'zomine 1ife representes the average of

| 7 samples run for adifferent lengths of time. The fluomine
test was carriled out on & single ssmple with considerably
more care and with more refined apparatus. Oxygen pro-
duction was determined at 0.1 atmosphere for fluomine
while production for ethomine and salcomine was teken a t
1.0 atmosphere.

Figure 42 shows clearly the very decided advantege
of fluomine over both salcomine and ethomine from a cycling

" “14fe standpoint.
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Procedure
A sample of ethomine was packed in a standard 1/2"

tube and subjected to a Jacket temperature of 130°C and
an air pressure of 80 psig. with slight flow for approxi-

mately 40 hours. The saturation velue of the ethomine
was determined at intervals.

The ethomine was then removed and mixed well. A
6 grem semple was then placed in the oxygen absorption
rete apparatus and the absorption rate determined at sev-

eral preseures. Several checks on the saturation vslue

were also made.
Besults

Figure 43 gives a plot of the per cent approach to
saturation with time for the deteriorated sample ae com-
pared to a good sample of ethomine. These results are for
tests under identical conditions of Jacket temperature
and oxygen pressure. The deteriorated sample had a sat-
uration vslue of 1.6 per cent, the good sample 3.5"per cent.
Discussion

From the curve of the results, it can be seen that
not only is the absorption rate of the deteriorated sesmple

greater on a percentage basis but for a considerable time

period the actual volumetric uptake of oxygen is also greater.

S8uch results were not anticipated and are certainly not

obvious in explanation.

The resultsobtained can he vaguely explained in several

GON
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'.dirrerent ways but all such explanations involve rather

unreasonable premises. For example, the following general
picture will suffice as an explsnation:

(1) Good (unused) compound 1s made up of molecules

of varying absorption rates.

(2) The deteriorstion process used selectively

killed the molecules of low reaction rate.

(3) The deterioration process also activated

the good molecules left.

It is not known whether cycling deterioration will
produce the ssme effect on the rate of absorption. Such
experiments would be of great interest. Certairly in
the future, study of deterioration should concern itself
with the rate of absorption as well as activity (saturation
value). Such study would no doubt lead to new insight into

the mechanism of compound degradation.

104
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APPENDIX A |

Oxygen Abeorption Apparatus
Yolume of Components of Systen

The volume of various parts of the apparatus was deter-
mined experimentally by allowing air to flow from a vessel
of known volume into the part and noting the changes in
pressure. The volume was then calculated with the ald of the
gas laws. All values are calculated only to the 100 om. read-
.ing of the manometric leg connected to the apparatus.

- Yolumes

Oxygen reservoir (reservoir and tubing to controlling needle
valve) - 290 co.

"Vacuum® reservoir (reservoir and tubing to controlling needle
valve) - 281 cc.

Absorption system (with 70 cc. mercury in pump but excluding
powder tube and connections) = 181 cc.

Powder tube with 6§ grams of powder (including connections
to valves) - 18 oc.

Oxygen and system reservoir manometer tube - 0.283 oc./cm.
"Vacuum® reservoir manometer tube - 0.196 cc./om.
v Plots F

The manometers were calibrated so that the pressure 3if-
ference could be determined from a single leg resding. This
vas done t0 make reading easier and also so that the position
of the mercury columns would be known for any pressure Adif-
ference since the gas in the manometer leg was an appreciable
amount of the reservoir volihe.

From the above knowledge, a plot of the volume of gas

. in the reservoir against the single leg manometer reading

was made. A standard barometer was assumed, and the gae was

CONFINENTIAL
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measured at 760 mm. and reservoir temperature. Cslculations

were made according to the following formula:
vok -[nu. vol. + mano. tube vo]..] [AP—Q%%MM + 1]
For example: Oxygen reservoir at Ap = 50 cm.

Left leg reading = 76.7; right leg (app. side)
reading = 26.7

vol. -[290 + 0,283 (100-25.7)] [-% + 1]- 516.5 cc.
Graphs for both the oxygen and "vacuum" reservoirs are given

in Figures 44 and 46. .

Ir the barometer is not stendard 760 mm. the plots are
not exact. However, the error is negligible as will be shown. ‘
Let V; be the original and Vs the final velume of the reservoir.

Then

-———7—6'3— 760 ]- 4 vol. et 760 mm,
The barometer is usually 760 + 10 mm., hence

po

v.[ 8p, + 760 bpa + 76 10 ]
| 780 i A7 el il I - A

Maximum (V,-V4) 1s about 6 cc.

Maximum error = + 6 x %%5 = 0,1 cc. and the maximum per l

A + Bar, Apg + Bar.
v, Pl ]_v.[p. ar

cent error is less than O.l.

The volume plots gave straight lines, hence the slopes
were used in all calculations rather thsn readings from the
graphe.

Oxygen reservoir slope = 8.50 cc.’/cm.

"Vacuum" reservoir slope = 7.26 cc./om.
Expansion Volume Correction

On desorption, heating the tube of compound not only
drove off the oxygen combined but aleo pushed out some of

the ges in the tube originally due to the expansion of this

GONFIDENTIAL
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gas. Hence the ges volume obteined on deeorntion muet be
corrected‘by this amount.

Thie exvnension volume for the tube with b6 grams of
compound was determined experimentally snd found to be on
the sverage 0.027 cc./A°C at reservoir temperature. A°C

represents the difference betwéen absorrtion and desorption
tempernfu?es.

When making & run the tube was maintained evscuated until
the starting time and the remainder of the absorption éystem
was adjusted to a pressure such that uvon ovening the tube
valves, the complete system was at the desired pressure.

An exsmple of the celculation of this additionsl pressure is
given below.

Desired pressure = 80 mm.

Left leg reading = 160 om.; right leg reading = 84.0 cn.

% [(131 +18) + (100-34)(0.293)] = %5 [181 +

e (100-83.6)(0.283)
p = 87.

difference 87.6 - 80 = 7.6 mm.

7.
or ‘§§= 3.8 mm. on each leg of manometer.

P . Correction (mm,)
40 2.0
80 3.8

7.5

15.0

28.0
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g8 _for Conve vt A
For ethomine:
6 grams of compouhd, saturation 3.5%, in tube.
b x40 _ . 4.83 g« deoxygenated ethomine

103.56
Wt. % absorbed = factor (fﬂ ) CA(mano. leg
reading of O, re-.):r

reés.
. 00 s T,
factor = 8.50 x B s a5 ~ Or20%

Wt. £ desorbed = factor ( ) [A(ma.no. leg reasding

res,
" " - (0.02? x 4°C
of "vacuum® reservoir) - ( .56 )]

Lactor = 7.26 x 0.0296 = 0.215

For fluomine, similarly:
-Absorption fgetor = 8.50 x 0,0298 = 0.2563
Desorption factor = 7.26 x 0.0298 = 0.216
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APPENDIX B
Pauling Meter Apparatus

Oxygen Material Balance
For every unit volume of gas passing through the Pauling

oxygen meter at standard barometer.

5%3 = oxygen in the gas

[1 - 760] 27'8'&.1 = oxygen in the original air
where p = oxygen partial pressure

(1) Oxygen absorbed = (1 --;ga) 2645 - $35

Putting into differential form
(2) 4 [0s absorved]

35 v [(1 - 58 L2645 - 5%6]

vhere V = constant exit gas flow rate

Integrating (2)

e
(3) Oxygen absorbed = ,2645 V © :/' v

For ¢ =1 e/ﬂ; A0 = averag: value of p over the

time increment
Hence the equation may be written:
(4) (Oxygen absorbed in umit time) = V [ .2645 - 1-2645 pave.]

760
A plot of equation (1) for barometric pressures of 750,
760, and 770 mm. ie shown in Figure 46. Interpolation for
other rrewsures i1s necessary.
Reservoir Volumes
Experiment gave a value of 26.7 cc./Ap (cm.) for both

reservoirs,
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Expaneion Volume Correctiop

The aversge expansion volume correction for the 1/2"
tube filled with 42.56 grams of compound was 0.01 Ap (cm.)/A°C,
The correction was expressed in units of reservoir mesnometer
pressure snd could re subtrescted directly.

For the tube of fluomine (26.1 g.) the expaneion cor-
rection was 0.007 Ap (cm.)/A°C.
| Capillary Flow Meter

A calibration curve of the capillery flow meter is given

in Figure 47. It is based on 42.5 grams of compound in a
. 1/2" tube.

8 Conve Wt 0

For ethomine:
42.5 grams of compound, saturation 3.5%, in tube

42.5 x %g%TE = 41.1 g. deoxygenated ethomine. ‘

Wt. £ absorbed = factop %” (‘ﬁlL) (vol. of 0,)
res.
- 82 X100
faotor = 35-450 x 41.1 - 0:003475 ‘

Wt. % desorbed = factor ('ii%) [A (p of res. mano. in cm.)
88,

- (.01 x 4°0)] |
32 x 100
Jactor = 26.7 x 22,400 x 41,1 = 0,0027
For fluomine: ]
26.1 grems of compound, saturation 4.2%,in a 1/2" tube
26.1 x % = 26,0 g. deoxygenated fluomine ‘ f

Absorption factor = 0.C0671
Desorption factor = 0.1625 (expansion correction 0.007
. Ap (em.)/a°C)
[ alculstio

The average value of p was figured for each minute ’

CONFIDENTIAL
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however, because of the meter lag values were taken which

™un from 10 sec. after the minute to 10 sec. after the next

minute. The average was taken in the ususl manner except
only half weight was given the end points.

The fraction of volume absorbed was read from the chart

and multiplied by the volume Oof exit gas as measured over

the minute. There was no 10 sec. lag in the volume readings.

Sample Calculations

Run #114 fluomine (See data)

Average p, lst. min. = 20465+ +41. 645446+
2nd min, = 2AS03460466+72+60+43

etoc.

= 56,8

= 6602

273
298 X
273
208 *

Corrected factors absorption %gg x
desorption

Vol.
1630
15610
1470
1490

cc. abs.
264.6
234.0
134.5
70.C

Min. cc. abs./cc.
1 0.173
2 0.155
3 0,0915
4 0,047
5 0.0225 1480 ;%gr.g_

Desorption 29.2 - ,007 (120-30)

28.6 x 0.1397 = 4.00 % O,

x =

X -

x =

736.

x =

Air rate

Sum
264,
498,
633.
703.0 x

.00671 = 0,00526
«1626 = 0,1397 °

Wt.% 04
1.39
2.62
3.3
3.70

b x 00626 =
5 x %

0x

3 x

3.88

= 28.6 Ap

Total air in 1st 2 min., = 1,53 + 1.61 + 0.5 = 3,54 litere

23?; x 25 = 1.13 cu.ft-/min. (

1lst 2 min.)

254

average over the

CONFIDENTIAL
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APPENDIX G
Tube Coprelation
ds of St se_Solutio
The equations used in- the stepwise solution are tsken
from the section entitled "Method of Predicting Engineering
Absorption Data,® part IV, Section F.
(1)

=g -2 "%
b 4 8 _G.F_

where A = § pteb

R .1l.
i .E%;T) 1 ave

= -LL—LL -

(2) R = Ry - 55f8% (x - x )

Arbitrary conditions were assumed - 20 p.s.i. gage,
40°C, 1 CFM/#, ethomine in 1/2" tube (50 cm. long)

The valuesg of the several constents in metric units are

as follows:

Xo1 = OF

R,y = O.264

N = 0.0666 g. mols/eq. cm.

k = 4.41 x 107%

s = 3.3%

p = 0.65 g./cc.

g = 3.12 x 10-f

P = 1800 mm. Hg.

In most of the numerical calculations AG = 0.5 and Al =
12.66 were used. On this basis the formulae were simplified.

(la) x = 3.5 - 53 - X
eb-1n




CONFIDENTIAL

(2e) R = Ry = 0.0782 (x ~ x,)
A series of calculetione for the first increment of time,

moving lengthwise of the tube are given below.
0" 005, Ao = 005 min.' L = 19..65. AL = 12-65 cm.

Assume Nove, = 0.C?7

0,264415 _ .
n, = (1.264) 0.095

5 . b
X = 3.3 - J+i65 = 1.08

R = 0,2640 - (0.0782) (1.08) = 0.1795

R

Nave., = Q9 ; 069 = 0.C77 checkes assumption

0 = 005, Ao = 005. L = 2503, AL = 12.65

(R, 18 now R from last calculation)

Asesume Nave, = 0.048

- S.8
x = 3.3 - 4o = 0,72

R = 0.1795 - (0.0782) (0.72) = 0.1232

%:T = 4952—%—&9§§ = 0,048 checks assumption

Thie may be carried on for any number of AL's.

Now with the second A9 the values of x, used are those
of the x found in the previous AG for that section.

© = 1.0, 40 = 0.5, L = 12,65, AL = 12.65

Assune nave. « ,081

x = 3.3 --§=§;§§%49§ = 1.85

R =0.264 - 0782 (1.85 - 1.08) = 0.204

R

Rl = 0.169 ne = 069
095 + ,069

. 2

e = ,082 checks assumption
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o= l.o, Ao = 005. L= 25.5, AL = 12.65

Assume ngye, = 069

x.a.s-ﬂ.;l_'._o.l-v& = 1,39

1.360
R = 0.204 - 0.0782 (1.39 - 0,72) = 0,162

R =
Beg = 0-1316 n, = 0.048

Ngve. ™ 4952—%-4915 = 0.069 checks assumption

This series of calculatione may be carried as far as those
of the rirst AG.

Table XIII gives the values of x and R obtained by the
above method of calculation. The value of x is an average
value in the section AL at the end of the time © considered.
The velue of R 1s the aversge value over the increment of
time AG at the end of the length (L) considered. Some cal-
culations were carried out using larger A0's. In every
case the value of R 18 the average value over that AC.

The values of x first obtained were converted to (J.!)“e

These average values are the average over the range of L=0
to L = 1 and represented the same x as obtained 1in the ex-
perimeﬁtal work. Table XIV gives these values.

© and L were converted to ©' and L' and a plot made
of (f)ave. vs. L' with lines of constant ©'. This was then
cross-plotted to obtain integer values of ¢'. Values ob-
tained from this cross-plot for the final graph, Figure 2&,
are given in Table XV.

The dimensionlese groups were evaluated as follows:
k pl-6 6 _ 4.41 x 107* x 180018, . . o

o =
8 Se3

Lt ok pleb pgL _ 4.4 x 10~ x 1800"*® x 0.66 x 5.12 x 21074, .
N 0655 '

0.1042L
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P S
f 5% 0.303x

=
oN

8 c tio
} Problem: to celculate the rate of abesorption of 42.58.
of ethomine in a 1/2" tube, 20 psi gage air, 2 CFN/#, at
0°C, sat. 3. 5’
-4 1.5
L' = 441 x 10 x 1800 x 0.66 x 3.12 x 10

g g655 x 2
p o—4 00**° o
4.41 x 1 . 3x 18 = 10.21 ©

From Figure 24 corresponding veluee of ©' and (f) ave

-4
x 50 . 5,60

e!' =

are read at L' = 2,60. ©' and ('E)a'e are then converted

to © snd Xave. and a smooth greph drawn through these points.

o ({)m. ©  (x)gye.
2 <113 0.20 0.37
4 .219 0.39 0.72
6 <314 0.69 1.04 .
8 .401 0.78 1.32 ’
10 481 0.98 1.59 |
16 649 1.47 2.14 |
20 .766 1.96 2.53
30 .902 2.94 2.98
40 .960 3.92  3.17
50 .984 4.90 3.24
3.28




Sohnidt Method
Broof of Method for a Cylinder

The conduction equation for an infinite cylinder 1is

s 1
-g- G(‘,‘;} *;%‘;)Vherea-%

Consider the equation from a standpoint of finite increments.

A graph of temperature in the cylinder is given below

'td..,

The subscripts indicate the position in the cylinder and
@+ 1=0 + A0 or the next increment of time. On this basis
of finite increments the differential equation may be written

as follows:

(to,, = %) = (too - to_,) to,, - %,
+ 1
(ar)? r 2 Ar

Py AtOo "
Y-

or

(ar)” atg, to_, + % to,, = t
IR | -_o=1 +1 941" O
2 A O * to, 2 i 'gz ;? .

(ar)?
Heio =1
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Yy

]
(4, -t,)

L[ a2 ]

l t°+1 = to_l
Ar 2 “2r 2 .
1 A2
= 2 r I
then 3
ar+x tr+d B2 -i4+1 (4 |

Let us assume r is plotted on a log scale, then

Ar + x _ log r - log (r-Ap) .
2 Ar log (r + Ar) - log (r-Ar

(4) + 3 (45)* + 3 4r)* + ...

_Aar
log 1 - log (1 - 2%) i}

Ar Ar Ary2®
log 1) 2(zF) +& Un)° & ...
(1 - 4r)

$* % (40 ) 1r a11 airferentials about 2nd order are dropped.

This gives the correct ratio hence the assumption of a log

g -'——aq
y TSR Ir’\ﬂ‘
~ FEa

SR AL

| ——
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scale is correct.

The Schmidt method is applied to a cylinder in the same
manner as to a slab éxcept that equally Adistant concentric
layers plotted in a logarithmic scale are employed.
Desorption Calculation Methods

The Schmidt method was applied to the specific problenm
of desorbing ethomine in a 1/2' tube originally at a tempera-
ture of 40°C. with steam at 130°C. in the jadket. The de-
sorption pressure was assumed 1 atmosphere which gave an
average desorption temperature of 93°C.

The oconstants used are given below. All values are

in metric units.
k = 1.12 x 10~ cal./sec. x om.? x °C/cm.
e = 0.256 cal./gm. x °C
p = 0,65 gm./cc.
AH = 19,500 cal./g.mol, Oy
r = 0,625 cm. l
a-f;-s.sxlo"‘ '
The construction was made with Ar = 0.125 cm.; that 1s, {

5 layere in the cylinder.

a0 = 52 _ (0.125)°
2a 2 x6.9 x10

-4 = 11.3 sec.

The actual graphical lasyout is shown in Figure 48. Only
the initial steps are sehown 8o as to not complicate the dia-
gram. The layers were drawn so that a 1/2 Ar occurs at the
surface and the center. This was done so that the layer
boundaries were at the middle of the imaginary desorption

layers. Conditions at these lines were considered average
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LOG SCALE

FIGURE 48
SCHMIDT METHOD FOR
‘ CYLINDER OF ETHOMINE
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for the half layer to sither side. Also, since on this con-
struction the centers of the cylinder occurred at - e» ,

a layer boundary could not fall at the center. At the sur-
face a fictitious layer 1/2 Ar thick was added to complete

the half layer already there. Fictitieus temperstures at

this boundary were used in the construction.

Because of the extremely low heat conductivity of the
compound , all resistance was assumed in the compound itself.
To obtain a better initial gradient, points were es-

timated for the first AG from the Gurney lirieCharts for an

Anfinite slab.

Slad Acoomplish At
Temp. Ratio

rise

0.62 66°C

.14 13°

0.01 1

After the first ACO the temperature of layer b was very
close to the desorption temperature and desorption was
assumed to start at the beginning of the second AG. Had
the temperature fallen higher, it would have been placed

at 93°C regardless and the excess heat considered as heat

of desorption ( Q = ewAt ).

The heat into and out of the section was considered
to be governed by the temperature gradients in the two adjecent
layers as giyen by the construction lines.
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Heat of desorption/cc., = lxgggﬁgégﬁé x 19,600 = 13.86 csl./cc.

k AMtyy k AAt,. Kk AlAty, -Aty,g)

q = cal./sec. =
1 1 1

-
1.12x10 -
q= _:TTEE____ A(Atin,‘Atout) = 8,96 x 10 A(Atin'Atout)

For 1 em. length of tube:
layer r area  yol.  Heat of desorption HeatCap.

b § ;0625 0.393 .0491 0.68 032
2 <1876 1.179 .1472 2.04 «096
S 3126 1.966 .3457 S.41 .160
4 4376 2.760 .344 4.76 224
6 6626 3.636 .442 6.13 .288

The construction was continued exsctly as any other
Schmidt method except that the desorption point (ts at first)
was held constant until lsyer 5 was desorbed. The fictitious
temperature on the external half layer was found by draw-
ing a line from the point on layer 5 through the 130° surface
point to the external layer. For each new point on 5 there
was a corresponding one on 6.' Lines from layer 2 should have
been drawn to layer 1 of the mirror imsge which, however,
lay to the other side of - eo. Because of this difficulty,
such lines were approximated by making them horizontal.

Calculations of heat transfer at the desorption layer

are given below.
Layer # Qg = 8.96x10 x3.526x11.3xA = 3.58x10~24

2nd AG 74 53 21 0,752 :
4th 206 74 19.4 54.6 1.966 Lot bl
5th A6 74 14.7 69.8 2.125

6.683

6.13

0.663-
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At the end of the 65th AO more than the heat of de-
sorption had been put into the layer. This excess was

assumed to0 raise the temperature of the layer.

Mriu - 'f-%%g =.1.92

Hence the temperature on 8 was 93 + 2 = 95°C. The ordinary
Sohmidt method was then carried out until Layer 4 reached

a temperature of 93° or over. On the 7th AG this tem-
perature of 93° was overshot by 9.3° and this excess wae

caloulated as heet of desorption, the point being held

at 93°C.
Layer #¢  Q)g = 8.96x10 “4x2,760x11.3xA = 2.7856x10~2a
7th A0 9.3 x .224 2.086
8th 46  18.5 17.6 - 0.9 0.025
9th 46  X.2 10.4 19.8 0.551
10th 46 24,3 8.6 16.7 0.437

This general procedure was continued until all layers

were desorbed in turn. In calculating the percentage de-

sorption vs. time,only the heat flow into the layer at

the desorption temperature was cons idered.




Consider a section of a cylinder of unit length, radius
® r,, thermsl conductivity = k, heat evolution H per unit

volume

then

q=-kAffa_onrxdt

also
q=pnr*H=-2nrxdt

Integrating

%
fo-’:_'“q,.. 1fenm:

r

‘l‘ {-E (ro® - r2) = (¢ - t,)
t is the temperature at any radius r in the cylinder.

For the average temperature difference between com-
pound and wall we have the following:

= JO
A%ave. volume

Atr.% .Eﬂ (r 8 - )

0o
At = %
ave. / {1 (r,® - r2) (2 ¢ » ar)

3
n ro
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2
pHro
8 k
Hence the aversge temperature difference 1s half the

8% ve. =

difference between the center line and wall temperstures.
Half-Inch Tube

Consider cooling of ethomine in a 1/2" tube assuming
uniform abeorption at the rate of 1% per minute.

H=6.1 cal./gm. min.

k=1.62 x 10™* cal./sec. x cm.® x °C/cm.

0 0 3 . ©
Btoenter = 4 x 1.”52"]:“"1'“'04‘_ ~ (0.635) 40°C.

o . = 20°C,

Actually the geometrical center temperature as deter-
mined by thermocouple measurements was observed to rise
epproximately 12-15°C in the first several minutes at this
absorption reate.
<) 0 80 Tube

3/8" hard brass tube

0.D, 0.376 an.

I.D. 0,291 in.

Wall O.C 4 2 in.

Length filled 8" approx.

0. 5 X o 0 2
at - P2 d el 1;‘;#0 —— (.369)

ave.
= 7.4°C based on absorption rate of 1%/min.

No thermocouple tests were made with this tube to

determine actual temperature rise.
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APPENDIX ¥
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ZIheory
A material which has magnetic susceptibility has an

unbalanced force exerted on it when in a non-uniform mag-
netic rield. If such a material is suspended in a non-
uniform field and surrounded by gas, force is exerted on the
test body according to the equation:
F=V (Xy - x%) Hﬁ%g
vwhere F = force on test body
V = volume of test body

Xy = volume magnetic susceptibility of test
body

x@ = volume magnetic susceptibility of

surrounding gas
H = field strength

%% = inhomogeneity of the field.

This principle can be employed to analyse gases for
oxygen because oxygen has a magnetic susceptibility X0 or
400 times that of most other common gases. Hence, the con-
centration of other g;soa has little or no effect.

The Pauling oxygen meter employs a capsule of gas sus-
pended on a quartz fiber suspended in a magnetic field
produced by a permanent magnet. This is sll contained in a
cell through which the gas to be analysed is psesed. Nove-
ment of the quartz fiber 1s indicated by a reflected light

beanm.
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The Bureau of Standards reportes the following char-
acteristics:

(1) 30 sec. time lag.

(2) 0.1 11ter/min. flow rate.

(3) 1 to 2 inches of water pressure Arop.
Calibration

In all the work described in this paper Pauling oxygen
meter Model P, Serial No. 49 was used. It is temperature
compensated between 50° and 100°F and need not be leveled
exactly, This instrument was checked with oxygen-nitrogen
mixtures which were analysed with an Orsat apparatus using

alkaline pyrogallol. The results were as follows:

Sample Orsat Meter #49
Alr 160 mm. 169 mm.
117.3 116.5
11 90.0 91

III 52.6 52
Ng 0 2.8

Iime lag (analysis)

When gas composition is changed at the instrument, some
time is required for this gas to reach the gas cell and to
completely sweep out the old gas from the cell. During this
time, the meter will give readings somewherelin between the
values for the old and new compositions.

To check this lag, a change from air to N; was made
at the meter and the change in reading observed. The gas
flow uscd waw 81 cc./min., which is slightly low according

to the rotometer in the meter. The results are shown in Fig. 49.
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REID
If it 18 assumed thast perfect mixing occurs 1 Qio ceilb:'?’g‘!gnl

an expression for the rate of change of reeding may be set.
up.
Let V = fictitious volume of cell (cc.)
v = rate of gas flov (ec./min.)
¢ = concentretion of N; (cec./cec.)

then d¢ ., ¥ - ve_  since the flow in and out of the
ae v
cell is equal.

Integrating

5119_3. J%—ldo

- 1n(l-c) = %l e

From Figure 49 it can be seen that it tock sbout 7
seconds for gas to reach the cell. The zero time will there-
fore be taken st this 7 second point.

©=4.6 po, = 81 mm.

Cc = %%%E%l = 0.5 since meter apparently resd
5 mm. at pure N,

.5
-1n (1-0.5) = gk %F‘

V = 8,8 cc., volume of cell.
Using this vealue of V, the meter readings may be predicted.
Caloculated vslues are shown in Figure 48also. They chedk
very well.
Regardless of whether the volume of tre cell obtained
is a true or fictitious volume, this method will predict
the behavior of the meter wlth changing concentrations in the

gas stream. The complete equation 1s given ar follows:




136

log (1-c) ='?£‘3’?%".!§T LA

where ¢ = concentration of N, (cec./cc.)
v = rate of gas flow (cc./min.)
© = time (seconds)

Figure 50 gives the percentage spproach to the cor-
rect reading with time. This curve 1s based on a gae flow
rate. of 94 cc./min. which 1s standerd for instrument #49.
To clarify, this curve gives the time required for the indi-
cator to move a given percentage of the total movement fin-
ally made, with any change in gas composition. A shift of
90% requires about 13 seconds.

ect o £ in a Cyclical Process '
Consider egain the cell with perfect mixing of the

-

entering gas.
Let ¢ = entering composition

¢! = cell and leaving composition (is that
indiceted by the meter)

then v ¢ 40 - ve' 40 = V de! .
° 2
Integrating J vedd - / ve!do = f vae'
(-] ci

If the process is oyclical; that 1s,c{ = cf

2
j véde! =0
1
61
(Y
and o/ vedo = ve!ldoe
o

This means that if the meter i1s used to obtain an inte-
gration cf composition over a period of time, this integration
le correct if the meter returns to the initial reading at

) cu‘ﬁk %25 % ﬁﬁ‘ ““L

the end of the time period.
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